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Introduction 

I n  r e c e n t  y e a r s ,  numerous modern a n a l y t i c a l  t e c h n i q u e s  have 
been  a p p l i e d  t o  t h e  a n a l y s i s  o f  t h e  i n o r g a n i c  c o n s t i t u e n t s  i n  c o a l .  
A t  t h e  U.S. S t e e l  Research  L a b o r a t o r y ,  Mossbauer spec t roscopy  and 
compute r - con t ro l l ed  s c a n n i n g  e l e c t r o n  microscopy have  been empha- 
s i z e d ( 1 - 5 ) .  With t h e  a d v e n t  o f  v e r y  i n t e n s e  s y n c h r o t r o n  r a d i a t i o n  
s o u r c e s ,  t h e  t e c h n i q u e  o f  e x t e n d e d  X-ray a b s o r p t i o n  f i n e  s t r u c t u r e  
(EXAFS) spec t roscopy  has  been  a p p l i e d  i n  many a r e a s  of m a t e r i a l s  
s c i e n c e ,  and s e v e r a l  v e r y  r e c e n t  a r t ic les  on EXAFS s t u d i e s  o f  t h e  
i n o r g a n i c  c o n s t i t u e n t s  of  c o a l  have  a p p e a r e d ( 6 - 8 ) .  For  t h e  most p a r t ,  
p r e v i o u s l y  pub l i shed  work h a s  r e p o r t e d  i n v e s t i g a t i o n s  o f  b i tuminous  
coals by t h e s e  t h r e e  t e c h n i q u e s .  I n  t h e  c u r r e n t  a r t i c l e ,  w e  p r e s e n t  
s o m e  examples o f  t h e  a n a l y s i s  o f  t h e  i n o r g a n i c  c o n s t i t u e n t s  o f  l o w e r -  
r ank  c o a l s ,  p r i n c i p a l l y  l i g n i t e s ,  by t h e s e  methods.  Although t h e  
s u i t e  of  lov- rank  c o a l s  i n v e s t i g a t e d  i s  r a t h e r  l i m i t e d ,  some d i s t i n c t  
d i f f e r e n c e s  between t h e  i n o r g a n i c  phase  d i s t r i b u t i o n s  i n  t h e s e  c o a l s  
and t h o s e  i n  b i tuminous  c o a l s  are a p p a r e n t .  

Experimental 

e m i s s i o n  and a b s o r p t i o n  of  low-energy n u c l e a r  gamma r a y s .  
n u c l e u s  e x h i b i t s  t h e  b e s t  Mossbauer p r o p e r t i e s  of a l l  i s o t o p e s  f o r  
which t h e  Mossbauer e f f e c t  h a s  been  o b s e r v e d ,  and 57Fe Mossbauer spec-  
t r o s c o p y  i s  perhaps  t h e  b e s t  method a v a i l a b l e  f o r  q u a n t i t a t i v e  a n a l -  
y s i s  of  t h e  i r o n - b e a r i n g  p h a s e s  i n  complex, m u l t i p h a s e  samples .  A s  
d i s c u s s e d  i n  r e c e n t  rev iew a r t i c l e s ( 2 , 9 , 1 0 )  e v e r y  i r o n - b e a r i n g  com- 
pound e x h i b i t s  a c h a r a c t e r i s t i c  I lossbauer  a b s o r p t i o n  spec t rum,  and 
t h e  pe rcen tage  o f  t h e  t o t a l  i r o n  c o n t a i n e d  i n  each  phase  c a n  b e  de- 
t e rmined  from a b s o r p t i o n  peak areas. D e t a i l e d  d e s c r i p t i o n s  of t h e  
Mossbauer s p e c t r o m e t e r  and d a t a  a n a l y s i s  programs used  i n  t h i s  l a b -  
o r a t o r y ,  and d i s c u s s i o n  of t h e  p h y s i c a l  b a s i s  o f  t h e  'Mossbauer t ech -  
n i q u e  a r e  g iven  e l s e w h e r e ( l 0 ) .  

deve loped  i n  t h i s  l a b o r a t o r y  c o n s i s t s  o f  a n  SEM i n t e r f a c e d  by mini -  
computer t o  a beam-cont ro l  u n i t  and  an energy  d i s p e r s i v e  X-ray ana l -  
y s i s  system. D e t a i l e d  d e s c r i p t i o n s  of  t h i s  i n s t r u m e n t  and i t s  u s e  
i n  t h e  d e t e r m i n a t i o n  o f  c o a l  mine ra logy  and o t h e r  a p p l i c a t i o n s  a r e  
g i v e n  e l s e w h e r e ( 3 , l l ) .  B r i e f l y ,  t h e  beam i s  s t e p p e d  a c r o s s  t h e  sample 
i n  a c o a r s e  g r i d  p a t t e r n ,  w i t h  t y p i c a l l y  300 x 300 g r i d  p o i n t s  cover -  
i n g  t h e  f i e l d  o f  view. A t  e ach  p o i n t ,  t h e  b a c k s c a t t e r e d  e l e c t r o n  i n -  
t e n s i t y  is sampled, and t h e  minicomputer  d e c i d e s  whether  o r  n o t  t h e  
beam i s  on a p a r t i c l e .  Once a p a r t i c l e  i s  i d e n t i f i e d ,  t h e  g r i d  den- 
s i t y  i s  i n c r e a s e d  t o  2 0 4 8  x 2 0 4 8  and  t h e  a r e a  o f  t h e  p a r t i c l e  i s  
measured .  The beam-cont ro l  u n i t  t h e n  p l a c e s  t h e  electron beam back 

Mossbauer s p e c t r o s c o p y  i s  a s p e c t r o s c o p y  based  on t h e  r e s o n a n t  
The 57Fe 

The compute r - con t ro l l ed  s c a n n i n g  e l e c t r o n  microscope  (CCSEM) 
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a t  t h e  c e n t e r  o f  t h e  p a r t i c l e  and an  energy  d i s p e r s i v e  X-ray spec t rum 
i s  c o l l e c t e d .  Each p a r t i c l e  is  t h e n  p l a c e d  i n t o  one  of up t o  30 Cate- 
g o r i e s  ( m i n e r a l s ,  compounds, e tc . )  on t h e  b a s i s  o f  t h e  c h e m i s t r y  i n d i -  
c a t e d  by i t s  X-ray emiss ion  spec t rum,  and approximate  we igh t  p e r c e n t -  
a g e s  Of a l l  c a t e g o r i e s  a r e  c a l c u l a t e d .  CCSEM i s  c a p a b l e  o f  measur ing  
t h e  s i z e  and chemica l  composi t ion  o f  up t o  1 0 0 0  p a r t i c l e s  p e r  hour f o r  
many k inds  o f  p a r t i c u l a t e  samples .  

EXAFS spec t roscopy  examines t h e  o s c i l l a t o r y  f i n e  s t r u c t u r e  above 
t h e  a b s o r p t i o n  edge  i n  t h e  X-ray a b s o r p t i o n  spec t rum o f  a p a r t i c u l a r  
e lement .  These o s c i l l a t i o n s  a r i se  from i n t e r f e r e n c e  between t h e  o u t -  
go ing  p h o t o e l e c t r o n  wave and s c a t t e r e d  waves produced by i n t e r a c t i o n  
Of t h e  p h o t o e l e c t r o n s  w i t h  ne ighbor ing  a toms.  A s  d i s c u s s e d  e l sewhere  
(12 ,131 ,  F o u r i e r  t r a n s f o r m  t e c h n i q u e s  can  be used  t o  e x t r a c t  from 
t h e s e  o s c i l l a t i o n s  i n f o r m a t i o n  a b o u t  t h e  bond d i s t a n c e s ,  c o o r d i n a t i o n  
numbers, and t y p e s  o f  l i g a n d s  s u r r o u n d i n g  t h e  a b s o r b i n g  e l emen t .  Addi- 
t i o n a l  i n f o r m a t i o n  abou t  t h e  v a l e n c e  or e l e c t r o n i c  s t a t e  o f  t h e  ab- 
s o r b i n g  i o n  and t h e  l i g a n d  symmetry can  be o b t a i n e d  from examining  
t h e  X-ray a b s o r p t i o n  near-edge s p e c t r a ,  o r  XANES, i n  t h e  energy  r e g i o n  
very  c l o s e  t o  t h e  a b s o r p t i o n  edge ( w i t h i n  approx ima te ly  520-30 e V ) .  
Such XANES s p e c t r a  f r e q u e n t l y  p rov ide  c h a r a c t e r i s t i c  f i n g e r p r i n t s  f o r  
d i f f e r e n t  t y p e s  o f  l i g a n d  bonding t o  a n  a b s o r b i n g  i o n ( 6 , ? , 1 4 , 1 5 ) .  

r e f e r e n c e  compounds d i s c u s s e d  i n  t h i s  pape r  w e r e  r eco rded  a t  t h e  
S t a n f o r d  Synchro t ron  R a d i a t i o n  Labora to ry  (SSRL) d u r i n g  a d e d i c a t e d  
run  o f  t h e  S t a n f o r d  P o s i t r o n - E l e c t r o n  A c c e l e r a t i o n  Ring a t  an e l e c t r o n  
energy  o f  3 .0  GeV.  The ca l c ium K-edge o c c u r s  a t  4038 e V  and d a t a  were 
c o l l e c t e d  from 3800 t o  5000 e V ,  u s i n g  a doub le  S i  (111) monochromator 
and a f l u o r e s c e n c e  d e t e c t o r  s i m i l a r  t o  t h a t  o f  S t e a r n  and  H e a l d ( l 6 ) .  
A more d e t a i l e d  d i s c u s s i o n  o f  t h i s  work w i l l  a p p e a r  e l s e w h e r e ( l 7 ) .  

The samples  examined were predominant ly  l i g n i t e s  f r o m  t h e  P u s t  
s e a m  i n  Montana. However, d a t a  f o r  two Nor th  Dakota l i g n i t e s ,  f o r  
s l a g g i n g  and f o u l i n g  d e p o s i t s  produced by t h o s e  l i g n i t e s ,  and f o r  
s e v e r a l  subbi tuminous  c o a l s  a r e  a l s o  i n c l u d e d .  

Results and Discussion 

The X-ray a b s o r p t i o n  s p e c t r a  o f  ca l c ium-con ta in ing  c o a l s  and 

Mossbauer spec t roscopy  r e s u l t s  f o r  a l l  samples  i n v e s t i g a t e d  a r e  
summarized i n  Tab le  I .  The p e r c e n t a g e s  o f  t h e  t o t a l  sample i r o n  con- 
t a i n e d  i n  each  o f  t h e  i r o n - b e a r i n g  m i n e r a l s  i d e n t i f i e d  a r e  g i v e n  i n  
columns 1 t o  4 ,  and t h e  we igh t  p e r c e n t a g e  o f  p y r i t i c  s u l f u r ,  d e t e r -  
mined from t h e  p y r i t e  a b s o r p t i o n  peak a r e a s  a s  d i s c u s s e d  e l s e w h e r e ( l ) ,  
a r e  g i v e n  i n  column 5 .  I t  i s  s e e n  t h a t  p y r i t e  and m i n e r a l s  ( i r o n  
s u l f a t e s  and i r o n  oxyhydroxide)  t h a t  are p robab ly  d e r i v e d  from p y r i t e  
by wea the r ing  are t h e  o n l y  i r o n - b e a r i n g  s p e c i e s  i n  t h e s e  low-rank 
coals.  Notably  a b s e n t  are  c o n t r i b u t i o n s  from i r o n - b e a r i n g  c l a y s  and  
s i d e r i t e  which a re  common c o n s t i t u e n t s  of  b i tuminous  c o a l s ( l , 2 ) .  
P y r i t e  and i r o n  oxyhydroxide  a r e  d i f f i c u l t  t o  s e p a r a t e  w i t h  room 
tempera tu re  Mossbauer s p e c t r o s c o p y ( l 8 ) .  F o r  example,  i n  F i g u r e  1 a r e  
shown t h e  room t e m p e r a t u r e  and 77 K s p e c t r a  o b t a i n e d  from t h e  Dus t  
seam, C,  l i g n i t e ,  which had been  s t o r e d  f o r  several y e a r s  p r i o r  t o  
measurement. Although it i s  q u i t e  d i f f i c u l t  t o  d e t e r m i n e  t h e  rela- 
t ive  amounts of p y r i t e  and oxyhydroxide  from t h e  r o o m  t empera tu re  
Mossbauer spec t rum,  t h e  s p e c t r a l  c o n t r i b u t i o n s  o f  t h e  two phases  are  
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r e a d i l y  r e s o l v e d  a t  77  I;. 

i n o r g a n i c  phases  are g i v e n  i n  Tab le  11. Perhaps  t h e  most i n t e r e s t i n g  
a s p e c t  of t h e  CCSEM r e s u l t s  f o r  t h e s e  low-rank c o a l s  a s  compared wi th  
s i m i l a r  d a t a  f o r  b i tuminous  c o a l s  i s  t h e  abundance o f  Ca- r ich  phases .  
I n  m o s t  cases, t h e s e  phases  a r e  n o t  c a l c i t e ,  b u t  are Ca-enriched 
macera ls  i n  which t h e  Ca i s  un i fo rmly  d i s p e r s e d  th roughou t  t h e  c o a l ,  
a s  i l l u s t r a t e d  by t h e  SEM micrograph  i n  F i g u r e  2 .  The Ca-enr iched  
macerals a p p e a r  g r a y  i n  t h i s  i n v e r t e d  b a c k s c a t t e r e d  e l e c t r o n  image. 
An energy d i s p e r s i v e  X-ray spec t rum o b t a i n e d  from a n  i n d i v i d u a l  mace- 
ra l  is shown on  t h e  r i g h t .  A s  d i s c u s s e d  below, EXAFS d a t a  i n d i c a t e  
t h a t  t h i s  ca l c ium is  d i s p e r s e d  as s a l t s  o f  c a r b o x y l i c  a c i d s .  

The b a c k s c a t t e r e d  e l e c t r o n  i n t e n s i t y  o f  t h e  Ca-enriched macer- 
a l s  i s  s i g n i f i c a n t l y  s m a l l e r  t h a n  t h a t  o f  c a l c i t e ,  and CCSEM c a n  make 
a d i s t i n c t i o n ,  a l b e i t  somewhat i m p r e c i s e l y ,  between Ca-enr iched  mac- 
e ra l s  and c a l c i t e  o r  o t h e r  Ca- r i ch  m i n e r a l s  on  t h i s  b a s i s .  However, 
t h e  CCSEM programs have  n o t  been  p r o p e r l y  c a l i b r a t e d  t o  d e a l  w i t h  t h e  
case o f  macerals e n r i c h e d  i n  a n  i n o r g a n i c  component such  a s  C a  a t  
t h i s  p o i n t .  Consequent ly ,  t h e  p e r c e n t a g e s  i n d i c a t e d  i n  Tab le  I1 f o r  
t h e  Ca-r ich  c a t e g o r y  a re  o n l y  a q u a l i t a t i v e  i n d i c a t i o n  o f  t h e  rela- 
t i v e  amounts of  t h i s  s p e c i e s  i n  t h e  v a r i o u s  low-rank coals examined. 
On t h e  b a s i s  o f  t h e  b a c k s c a t t e r e d  e l e c t r o n  i n t e n s i t y ,  i t  appea r s  t h a t  
calcium is d i s p e r s e d  th roughou t  t h e  m a c e r a l s  o f  t h e  l i g n i t e s  t h a t  
have been examined, and i s  p r e s e n t  p a r t i a l l y  i n  d i s p e r s e d  form and 
p a r t i a l l y  a s  ca lc i te  i n  t h e  subb i tuminous  c o a l s .  I n  f r e s h  b i tuminous  
c o a l s ,  ca l c ium is p r e s e n t  a l m o s t  e x c l u s i v e l y  as c a l c i t e ( 3 - 5 ) .  

and t y p i c a l  v a l u e s  o f  t h e  m i n e r a l  d i s t r i b u t i o n s  obse rved  i n  b i tumi -  
nous c o a l s  by t h e  CCSEM and Mossbauer t e c h n i q u e s ,  d e r i v e d  from s t u d i e s  
of perhaps  a hundred  d i f f e r e n t  b i tuminous  c o a l  samples  i n  t h i s  l a b o r a -  
t o r y .  Some obvious  d i f f e r e n c e s  i n  mine ra logy  are a p p a r e n t .  I n  addi -  
t i o n  t o  t h e  d i f f e r e n c e  i n  c a l c i u m  d i s p e r s i o n  and abundance a l r e a d y  
n o t e d ,  it i s  seen  t h a t  c e r t a i n  m i n e r a l s  common i n  b i tuminous  c o a l s ,  
such  a s  Fe-bearing. c l a y s  ( i l l i t e  and c h l o r i t e )  and s i d e r i t e ,  are v i r -  
t u a l l y  a b s e n t  i n  t h e  low-rank samples  of  Tab le s  I and 11. Conver se ly ,  
mine ra l s  s u c h  as b a r i t e  (BaS04) ,  a p a t i t e  (Cag(P04)30H) ,  and o t h e r  Ca, 
S r  phospha te s ,  a r e  r a t h e r  uncommon i n  b i tuminous  c o a l s .  

l i g n i t e  c a n  be  b r i e f l y  summarized by r e f e r e n c e  t o  F i g u r e s  3 and 4 .  
F i g u r e  3 shows t h e  XANES o f  t h e  l i g n i t e ,  C a  a c e t a t e ,  and a f r e s h  b i t u -  
minious  coal from t h e  P i t t s b u r g h  s e a m  r i c h  i n  c a l c i t e .  The s t r o n g  
s i m i l a r i t y  between t h e  l i g n i t e  and c a l c i u m  a c e t a t e  s p e c t r a  i s  a p p a r e n t  
S i m i l a r l y ,  a c l o s e  s i m i l a r i t y  i s  a l s o  obse rved  f o r  t h e  XANES of t h e  
f r e s h  b i tuminous  c o a l  and t h a t  o f  a c a l c i t e  s t a n d a r d .  Examinat ion  of  
t h e  XANES o f  s e v e r a l  o t h e r  s t a n d a r d  compounds ( C a O ,  Ca(OH)2, and 
CaS04.2H20) showed t h a t  none of t h e s e  phases  w e r e  p r e s e n t  i n  d e t e c t -  
a b l e  amounts i n  e i t h e r  c o a l .  The s t r o n g  s i m i l a r i t y  o f  t h e  XANES o f  
ca l c ium a c e t a t e  and t h a t  o f  t h e  l i g n i t e  i s  d i r e c t  ev idence  t h a t  t h e  
ca l c ium i n  t h i s  c o a l  i s  a s s o c i a t e d  w i t h  c a r b o x y l  groups  i n  t h e  macer- 
a l s  and i s  n o t  c o n t a i n e d  i n  v e r y  f i n e  (~0.1 pm) m i n e r a l  mat ter .  

Mathematical  a n a l y s i s  o f  t h e  EXAFS a s s o c i a t e d  w i t h  t h e  n e a r e s t -  
ne ighbor  oxygen s h e l l  s u r r o u n d i n g  t h e  C a  i o n s  i n  t h e  l i g n i t e  w a s  

cCSEM r e s u l t s  f o r  t h e  approx ima te  we igh t  p e r c e n t a g e s  o f  a l l  

For comparison w i t h  T a b l e s  I and 11, Tab le  I11 g i v e s  t h e  range  

EXAFS and XANES d a t a  f o r  a Ca-r ich  sample  o f  t h e  P u s t  seam, A ,  
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accomplished u s i n g  programs developed  by S a n d s t r o m ( l 3 ) .  B r i e f l y ,  t h e  
r e s u l t s  i n d i c a t e  t h a t  t h e  C a  i s  c o o r d i n a t e d  by s i x  oxygens,  p o s s i b l y  
Con t r ibu ted  i n  p a r t  by  wa te r  molecu le s ,  a t  an a v e r a g e  n e a r e s t  ne ighbor  
d i s t a n c e  of 2.39 A. A d d i t i o n a l l y ,  t h e  EXAFS d a t a  i n d i c a t e  t h a t  S t ruc -  
t u r a l  o r d e r  a t  d i s t a n c e s  f u r t h e r  from t h e  C a  i o n s  t h a n  t h e  f i r s t  co- 
o r d i n a t i o n  s h e l l  i s  e s s e n t i a l l y  a b s e n t  i n  t h e  l i g n i t e ,  imply ing  t h a t  
t h e  Ca si tes are more o r  less randomly d i s t r i b u t e d  th roughou t  t h e  
mace ra l s .  Th i s  p o i n t  i s  w e l l  i l l u s t r a t e d  by p h a s e - s h i f t  s u b t r a c t e d  
F o u r i e r  t r a n s f o r m s  of t h e  EXAFS d a t a ,  which ,  a s  d i s c u s s e d  e l sewhere  
( 1 2 , 1 3 ) ,  shou ld  b e a r  a r easonab ly  close r e l a t i o n s h i p  t o  t h e  r a d i a l  
d i s t r i b u t i o n  f u n c t i o n s  a p p r o p r i a t e  f o r  t h e  local  envi ronment  o f  t h e  
C a  i o n s .  I n  F i g u r e  4 ,  t h e  magnitude of  t h e  p h a s e - s h i f t  s u b t r a c t e d  
F o u r i e r  t r a n s f o r m ,  I F ( r )  I ,  is  shown f o r  t h e  l i g n i t e  sample ,  ca l c ium 
a c e t a t e ,  and a c a l c i t e - r i c h  b i tuminous  coal from t h e  P i t t s b u r g h  seam. 
I t  i s  seen t h a t  t h e  I F ( r )  I curves  f o r  ca l c ium a c e t a t e  and t h e  calci te-  
r i c h  b i tuminous  c o a l  e x h i b i t  maxima co r re spond ing  n o t  o n l y  t o  t h e  
nea res t -ne ighbor  oxygen s h e l l ,  b u t  a l s o  a t  t h e  approx ima te  l o c a t i o n s  
Of more d i s t a n t  ca l c ium ne ighbor  s h e l l s .  The I F ( r )  1 c u r v e  o f  t h e  l i g -  
n i t e  e x h i b i t s  a c lear  maximum o n l y  a t  t h e  oxygen n e a r e s t - n e i g h b o r  
s h e l l  d i s t a n c e .  I t  i s  p o s s i b l e ,  however, t h a t  t h e  s m a l l  s h o u l d e r  
t h a t  appea r s  on t h e  h i g h  s i d e  o f  t h e  oxygen s h e l l  peak i n  t h e  l i g n i t e  
I F ( r )  I curve  ( a t  approx ima te ly  3 .5  A )  cou ld  co r re spond  t o  t h e  i n i t i a l  
s t a g e s  o f  C a  i o n  c l u s t e r i n g .  

F i n a l l y ,  it i s  no ted  t h a t  XANES and EXAFS s p e c t r a  o b t a i n e d  from 
a s e v e r e l y  wea the red  b i tuminous  c o a l  w e r e  n e a r l y  i d e n t i c a l  t o  t h o s e  
o b t a i n e d  from t h e  l i g n i t e  sample.  T h i s  i n d i c a t e s  t h a t  i n  t h e  weathered  
c o a l  ca l c ium i s  a lso p r e s e n t  i n  a d i s p e r s e d  form i n  which i t  i s  bonded 
t o  carboxyl  groups  i n  t h e  mace ra l s .  A more d e t a i l e d  r e p o r t  o f  t h e  Ca 
EXAFS i n v e s t i g a t i o n  of l i g n i t e ,  f r e s h  and wea the red  b i tuminous  c o a l ,  
and Ca r e f e r e n c e  compounds w i l l  a p p e a r  e l s e w h e r e ( l 7 ) .  

one of  t h e  t w o  North Dakota l i g n i t e s  l i s t e d  i n  T a b l e s  I and I1 produced 
heavy f o u l i n g  d e p o s i t s  d u r i n g  combustion i n  a l a r g e  u t i l i t y  f u r n a c e ,  
wh i l e  l i t t l e  or no d i f f i c u l t y  was expe r i enced  i n  f i r i n g  t h e  o t h e r .  As 
seen  i n  Tab les  I and 11, t h e  i n o r g a n i c  phase  d i s t r i b u t i o n s  o f  t h e s e  
two c o a l s  a r e  r a t h e r  s i m i l a r .  A d d i t i o n a l l y ,  CCSEM and Mossbauer ana l -  
y s i s  o f  b o i l e r - w a l l  s l a g  d e p o s i t s  produced by b o t h  coals gave r a t h e r  
s imi l a r  r e s u l t s .  A t y p i c a l  Mossbauer spec t rum o b t a i n e d  from a b o i l e r  
w a l l  d e p o s i t  ( w a l l  t e m p e r a t u r e  'I.125OoC) i s  shown i n  F i g u r e  5 ,  and a 
summary of t h e  approximate  phase d i s t r i b u t i o n s  o f  t h e  w a l l  s l a g  de- 
p o s i t s  produced by bo th  c o a l s  is g i v e n  i n  t h e  i n s e t .  From t h e  ob- 
se rved  phases ,  it a p p e a r s  t h a t  t h e  Ca0-Si02-Fe203 phase  d iagram p l a y s  
a key r o l e  i n  d e t e r m i n i n g  t h e  s l a g g i n g  behav io r  o f  t h e s e  coals.  CCSEM 
a n a l y s e s  of f o u l i n g  d e p o s i t s  produced by t h e  two l i g n i t e s  are  g iven  
i n  Tab le  I V .  I t  i s  s e e n  t h a t  t h e  on ly  s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  l i g h t  and heavy d e p o s i t s  i s  t h e  p r e s e n c e  of  a n  a l k a l i  s u l f a t e  mix- 
t u r e ,  c o n t a i n i n g  N a ,  K ,  and C a  s u l f a t e s ,  i n  t h e  l a t t e r .  I t  i s  w e l l  
known t h a t  a l k a l i  s u l f a t e s  can  r e a c t  s t r o n g l y  w i t h  me ta l  s u r f a c e s  t o  
produce a l k a l i - i r o n  s u l f a t e  mix tu res  t h a t  a r e  p a r t i a l l y  mol ten  o v e r  
t h e  t empera tu re  r ange  from approx ima te ly  700  t o  l l O O ° C ,  c a u s i n g  s e v e r e  
f o u l i n g  and c o r r o s i o n  problems (19) . 

Analys i s  o f  Fou l ing  and S laqg ing  Depos i t s .  I t  was obse rved  t h a t  
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C o n c l u s i o n s  

n e s s  of t h r e e  t e c h n i q u e s ,  Mosshauer spec%roscopy , CCSEM, and EXAFS 
i n  t h e  a n a l y s i s  o f  low-rank coals and combustion p r o d u c t s  of ].ow-rank 
coals.  p o i n t s  of i n t e r e s t  r e q a r d i n g  t h e  i n o r g a n i c  c o n s t i t u e n t s  o f  . 
t h e s e  coals i n c l i l d e  t h e  h i g h  abundance of c a l c i u m  bonded t o  ca rboxy l  
g roups  and d i s p e r s e d  t h r o u g h o u t  t h e  macerals, t h e  low abundance of  
i l l i t e ,  s i d e r i t e ,  and ca l c i t e ,  and  the p r e s e n c e  o f  s i q n i f i c a n t  amounts 
o f  a c c e s s o r y  minerals such  as bar i te ,  a p a t i t e ,  and  o the r  p h o s p h a t e s .  
A r e a s  t h a t  m e r i t  f u r t h e r  i n v e s t i g a t i o n  by t h e s e  t e c h n i q u e s  i n c l u d e  
t he  a n a l y s i s  of f o u l i n g  and s l a q g i n g  d e p o s i t s ,  and s t r u c t u r a l  s t u d i e s  
of i n o r g a n i c  e l emen t s  such  as calcium t h a t  are d i s p e r s e d  through and 
bonded t o  t h e  coal macerals. 

A c k n o w l e d g m e n t s  I 

I 
I n  t h i s  p a p e r ,  w e  nave  p r e s e n t e d  some examnles of t h e  u s e f u l -  

The EXAFS expe r imen t s  d i s c u s s e d  i n  t h i s  pape r  w e r e  conduc ted  
i n  c o l l a b o r a t i o n  w i t h  F.W. L y t l e  and  R.B. Greeqor of  t h e  Boeing 
Company a t  t h e  S t a n f o r d  Synchro t ron  R a d i a t i o n  L a b o r a t o r y ,  which is 
suppor t ed  by t h e  N a t i o n a l  S c i e n c e  Foundat ion  and  t h e  Department o f  

‘ I  Energy.  
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TABLE I 

Mossbauer R e s u l t s  Fo r  Low-Rank Coals 

P e r c e n t  o f  T o t a l  I r o n  Con ta ined  i n  
F e r r o u s  I r o n  Oxy- 

Sample P y r i t e  J a r o s i t e  

P u s t  seam, A-3 1 0 0  - 
P u s t  seam, A-4 92 7 
P u s t  seam, A-6 9 1  9 
P u s t  seam, A-7 % l o o +  - 
P u s t  seam, B-3 1 0 0  - 
P u s t  seam, B-5 100  - 
P u s t  seam, B-7 1 0 0  - 
P u s t  seam, C 43 2 6  
N.Dakota l i g n i t e ,  9 1  6 

heavy f o u l i n g  

l i g h t  f o u l i n g  

subbi tuminous  

subbi tuminous  

N.Dakota l i g n i t e ,  95 5 

Rosebud 65 16 

Co Is t r i  p 8 1  19 

+Very weak spec t rum:  sample  c o n t a i n e d  

19  - 

o n l y  0 .07% i r o n .  

W t . %  o f  
P y r i t i c  
S u l f u r  

0.30 
2.26 
0.15 

60.03+ 
0.06 
0 .05  
0.09 
0.29 
0 .50  

0.38 

0.15 

0.27 
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TABLE I11 

Mineralogy o f  Bituminous Coals 

CCSEM A n a l y s i s ,  
W t . %  of Mine ra l  Matter 
Mineral Range T y p i c a l  

Q u a r t z  5-44  18 
K a o l i n i t e  9-60 32 
I l l i t e  2-29 1 4  
C h l o r i t e  0-15 2 
Mixed S i l i c a t e s  0 - 3 1  1 7  
P y r i t e  1 - 2 7  8 
Calcite/Dolomite 0-14 3 
S i d e r i t e / A n k e r i t e  0-11 2 
Other  0-12 4 

*Determined by method of R e f .  1. 

Mossbauer A n a l y s i s ,  
8 of T o t a l  Sample I r o n  

Mine ra l  Range T y p i c a l  

P y r i t e  25-100 6 2  
F e r r o u s  Clay  0-56 1 8  
S i d e r i t e / A n k e r i t e  0-58 9 
F e r r o u s  S u l f a t e  0-18 3 
J a r o s i t e  0-21 4 
W t . %  P y r i t i c  0.08- 0.35 

S u l f u r *  1 . 5 1  

TABLE I V  

CCSEM R e s u l t s  For  Fou l ing  D e p o s i t s ,  800-10OO0C 

S p e c i e s  

Al, S i - r i c h  
Q u a r t z  
Hematite 
Ca-r ich 
Mg-Ca 
C a  F e r r i t e  
Ca-Si-Fe G l a s s  
Ca-Si + Glass 
A l k a l i  S u l f a t e  
Cas04 + A l k a l i  S u l f a t e  
Other  

Heavy (wt%) 

5 
3 
2 

10 
3 
2 

21 
4 0  

2 
4 
8 

L i g h t  ( w t % )  

5 
8 
3 
7 
5 

<1 
22 
40 

0 
6 CaSO only 
4 4  

A l k a l i  S u l f a t e  - N a / C a / K  = 1.0/0.5/0.1 
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l - I  
I 1 I I m-i o -6  -2  2 6 1 

V E L O C I T Y  I N  M M / S  
F i g .  1 Mossbauer s p e c t r a  of t h e  Pust seam.C, l i g n i t e .  
P y r i t e  (P), j a r o s i t e  (J), and i r o n  oxyhydroxide  ( 0 )  a r e  
i n d i c a t e d .  

I 

F i g .  2 BACK-SCATTERED ELECTRON IMAGE ENERGY-DISPERSIVE X-RAY SPECTRUM 

120 



0 N 

e 

I 

i 

F i g .  3 XANES of: ( A )  c a l c i t e -  
r i c h  b i tuminous  c o a l ;  ( B )  t h e  
Pus t  s e a m  l i g n i t e ;  ( C )  ca lc ium 
a c e t a t e .  

.oo 

.oo 

1 .oo 

F i g .  4 Magnitudes of t h e  phase- 
s h i f t  s u b t r a c t e d  F o u r i e r  t r a n s f o r m  
o f :  (A)  t h e  P u s t  seam l i g n i t e ;  
(B) c a l c i t e - r i c h  b i tuminous  c o a l ;  
( C )  ca lc ium a c e t a t e .  
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92 
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Fe.0. 

Species 

Minor (-1 -2%) 

CaSo, 

Hematite 

Ca Ferrite 

Ca-Si-Fe Glass 

CaO-SiO, i Glass 

wt. % 

-8  - 4  0 4 8 
VELOCITY mm/S 

F i g .  5 Mossbauer spec t rum of b o i l e r - w a l l  s l a g  d e p o s i t .  The 
approximate  phase  d i s t r i b u t i o n  de te rmined  from CCSEM and 
Mossbauer r e s u l t s  i s  shown i n  t h e  i n s e t .  
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